Introduction 43
Hyperspectral measurements of the Earth´s surface provide relevant information for many ecological 44
applications. An important tool for spatial extrapolation of ecosystem functions is to study how spectral 45
properties are related to in situ measured ecosystem properties. These relationships found the basis for 46 up-scaling using earth observation (EO) data. Continuous in situ measurements of hyperspectral 47 reflectance in combination with ecosystem properties are thereby essential for improving our 48 1 Different reflectance terminologies have been used to inform on spectral measurements in the field by the remote sensing community leading to suggestions to the proper use of the terminology (Martonchik et al., 2000) . All field spectroradiometers measure HCRF (hemispherical conical reflectance) if the field of view (FOV) of the sensor is larger than 3° (Milton et al., 2009 ) and is therefore used throughout this paper to support the correct inference and usage of reflectance products height was 5.2 m and the peak height of the herbaceous layer was 0.7 m (Tagesson et al., 2015b) . A 131 thorough description of the Dahra field site is given in Tagesson et al. (2015b) . 132 <Figure 1> 133
Meteorological and vegetation variables 134
A range of meteorological variables have been measured in a tower at the Dahra field site for more than 135 ten years: air temperature (°C) and relative humidity (%) were measured at 2 m height; soil temperature 136 (°C) and soil moisture (volumetric water content (m 3 m -3 ×100) (%)) were collected at 0.05m depths; 137 rainfall (mm) was measured at 2 m height; incoming ( inc ) and reflected ( ref ) PAR (µmol m -2 s -1 ) was 138 measured at 10.5 m height, and PAR transmitted through the vegetation (PAR transmit ) was measured at 6 139 plots at ~0.01 m height (Table 1) where α soil is the PAR albedo of the soil, which was measured as 0.20 (Tagesson et al., 2015b) . FAPAR 143 was estimated by dividing APAR with PAR inc (Tagesson et al., 2015b) . All sensors were connected to a 144 CR-1000 logger in combination with a multiplexer (Campbell Scientific Inc., North Logan, USA). Data 145 were sampled every 30 s, and stored as 15 minute averages (sum for rainfall). 146
The total above ground green biomass (g m -2 ) of the herbaceous vegetation was sampled 147 approximately every 10 days during the growing seasons 2011 and 2012 at 28 one m 2 plots located 148 along two ~1060 m long diagonal transects (Fig. 1f) (Mbow et al., 2013) . The method applied was 149 destructive, so even though the same transects were used for each sampling date, the plots were never 150 positioned at exactly the same location. The study area is flat and characterised by homogenous 151 grassland savanna and the conditions in these sample plots are generally found to be representative for 152 the conditions in the entire measurement area (Fensholt et al., 2006) . All above ground green 153 herbaceous vegetation matter was collected and weighed in the field to get the fresh weight. The dry 154 matter (DW) was estimated by oven-drying the green biomass. For a thorough description regarding 155 the biomass sampling we refer to Mbow et al. (2013) . 156 <Table 1> 157
Estimates of gross primary productivity and light use efficiency 158
Net ecosystem exchange of CO 2 (NEE) (µmol CO 2 m -2 s -1 ) was measured with an eddy covariance 159 system, consisting of an open path infrared gas analyser (LI-7500, LI-COR Inc., Lincoln, USA) and a 160 3-axis sonic anemometer (Gill instruments, Hampshire, UK) from 18 July 2011 until 31 December 161 2012 (Table 1) . The sensors were mounted 9 m above the ground on a tower (placed 50 m south of the 162 tower including the meteorological and spectroradiometric sensors) ( was estimated using a model based on measurement height, surface roughness and atmospheric 178 stability (Hsieh et al., 2000) . The median point of maximum contribution is at 69 m, and the median 179 70% cumulative flux distance is at 388 m from the tower. The footprint of the EC tower contains semi-180 arid savanna grassland with ~3% tree coverage and the EC data is thereby affected by both woody and 181 herbaceous vegetation ( Fig. 1a and 1f) . But given the low tree coverage, and the dominant influence of 182 herbaceous vegetation on the seasonal dynamics in CO 2 fluxes, we still consider it reasonable to 183 compare EC fluxes with seasonal dynamics in spectral HCRF of the herbaceous vegetation. 184
The daytime NEE was partitioned to GPP and ecosystem respiration using the Mitscherlich light 185 response function against PAR inc (Falge et al., 2001) . A 7-day moving window with one day time steps 186 was used when fitting the functions. By subtracting dark respiration (R d ) from the light response 187 function, it was forced through 0, and GPP was estimated: 188 
where VPD 0 is 10 hPa following the method by Lasslop et al. (2010) . 195 Gaps in GPP less or equal to three days were filled with three different methods: (i) gaps shorter than 196 two hours were filled using linear interpolation; (ii) daytime gaps were filled by using the light-197 response function for the 7-day moving windows; (iii) remaining gaps were filled by using mean 198 diurnal variation 7-days moving windows (Falge et al., 2001) . A linear regression model was fitted 199 between daytime GPP and APAR for each 7-day moving window to estimate LUE, where LUE is the 200 slope of the line. 201
Hyperspectral HCRF measurements and NDSI estimates 202
Ground surface HCRF spectra were measured every 15 minutes between sunrise and sunset from 15 203
July 2011 until 31 December 2012 using two FieldSpec3 spectrometers with fiber optic cables ( Table  204 1) (ASD Inc., Colorado, USA). The spectroradiometers cover the spectral range from 350 nm to 1800 205 nm and have a FOV of 25°. The spectral resolution is 3 nm at 350-1000 nm and 10 nm at 1000-1800 206 nm and the sampling interval is 1.4 nm at 350-1000 nm and 2 nm at 1000-1800 nm. From these data, 1 207 nm spectra were calculated by using cubic spline interpolation functions. One sensor head was 208 mounted on a rotating head 10.5 m above the surface (at the same tower including instruments to 209 measure meteorological variables) providing measurements of the herbaceous vegetation from seven 210 different viewing angles in a transect underneath the tower (nadir, 15°, 30°, 45° off-nadir angles 211 towards east and west). No trees or effects of shading of trees are present in the IFOV of the data used 212 in this study (Fig. 1) . A reflective cosine receptor is used to measure full-sky-irradiance by having the 213 second sensor head mounted on a 2 m high stand pointing to a Spectralon panel (Labsphere Inc., New 214
Hampshire, USA) under a glass dome. 215
Each sensor measurement starts with an optimization to adjust the sensitivity of the detectors 216 according to the specific illumination conditions at the time of measurement. The optimisation is 217 followed by a dark current measurement to account for the noise generated by the thermal electrons 218 within the ASDs that flows even when no photons are entering the device. The measurement sequence 219 starts with a full-sky-irradiance measurement, followed by measurements of the 7 angles of the land 220 surface and finalized by a second full-sky-irradiance measurement. Thirty scans are averaged to one 221 measurement to improve the signal-to-noise ratio for each measurement (optimisation, dark current, To capture directional effects in the NDSI related to the variable view zenith angles (15°, 30°, 45° 250 off-nadir angles towards east and west) the NDSI was calculated using median HCRF values from the 251 four above-mentioned periods for the different viewing angles. Only data measured between 12:00 and 252 14:00 (UTC) was used to avoid effects of variable solar zenith angles. The anisotropy factor (ANIF) is 253 defined as the fraction of a reflected property at a specific view direction relative to the nadir, and it 254 was calculated by: 255
where NDSI(λ,θ) is NDSI for the different wavelengths (λ) and the different viewing angles (θ), and 257 NDSI 0 (λ) is the nadir measured NDSI (Sandmeier et al., 1998) . 258
Relationship between hyperspectral HCRF, NDSI and ecosystem properties 259
We examined the relationship between predictor variables (daily median hyperspectral HCRF, and 260 A filter was created for the analysis between NDSI and ecosystem properties; all NDSI combinations 279 with a COV higher than 0.066 in any of the four periods (dry season, fast growth period, peak of the 280 growing season, and senescent period) and all NDSI combinations with ANIF values higher than 1.2 281 and lower than 0.8 in any of the four periods were filtered. The ANIF thresholds of 1.2 and 0.8, and the 282 COV threshold of 0.066 was used since values then vary less than 20% due to effects of variable sun-283 sensor geometry. NDSI including the water absorption band (1300-1500 nm) was also removed as it is 284 strongly sensitive to atmospheric water content, and is less suitable for spatial extrapolation of 285 ecosystem properties using air/space borne sensors (Asner, 1998) . Finally, NDSI combinations 286 including wavelengths between 350 and 390 nm were removed owing to low signal to noise ratio in the 287 ASD sensors (Thenkabail et al., 2004) . 288
Results 289

Seasonal dynamics in meteorological variables, ecosystem properties and 290 hyperspectral HCRF 291
Daily average air temperature at 2 m height ranged between 18.4°C and 37.8°C, with low values during 292 winter and peak values at the end of the dry season (Fig. 2a) . Yearly rainfall was 486 mm and 606 mm 293 for 2011 and 2012, respectively. Soil moisture ranged between 1.9% and 14.1%, and it clearly followed 294 the rainfall patterns ( Fig. 2b and 2c ). The CO 2 fluxes were low during the dry period and high during 295 the rainy season (July-October) (Fig. 2e) . The LUE followed GPP closely (Fig. 2f) . FAPAR was low at 296 the start of the rainy season, followed by a maximum towards the end of the rainy season, and then 297 slowly decreased over the dry season (Fig. 2g) . 298
The range in HCRF is large across the spectral space, and would hide the seasonal dynamics in 299 hyperspectral HCRF if directly shown. Therefore, to clearly illustrate these seasonal dynamics, the ratio 300 between daily median nadir HCRF and the average HCRF for the entire measurement period was 301 calculated for each wavelength (350-1800 nm). This gives a fraction of how the HCRF for each 302 wavelength varies over the measurement period in relation to the average of the entire period (Fig. 2d) . 303
In the visible (VIS) part of the spectrum (350-700 nm) there was a stronger absorption during the 304 second half of the rainy season and at the beginning of the dry season than during the main part of the 305 dry season and the start of the rainy season. There was stronger NIR absorption (700-1300 nm) at the 306 end of the rainy season and the beginning of the dry season, whereas the absorption decreased along 307 with the dry season. Strong seasonal variation was observed in the water absorption region around 1400 308 nm following the succession of rainy and dry seasons. HCRF in the short-wave infrared (SWIR; 1400-309 1800 nm) generally followed the seasonal dynamics of the visible part of the spectrum. 310 <Figure 2> 311
Effects of sensor viewing geometry and variable sun angles on NDSI 312
The strongest effects of solar zenith angles and variable viewing geometry on NDSI were observed at 313 the peak of the growing season 2011 (Fig. 3, Fig 4, observed for NDSI combining SWIR and NIR wavelengths, and with VIS wavelengths between 550 317 nm and 700 nm (n=576) (Fig. 3) . The same effects were seen for the view zenith angles; the strongest 318 effects were seen for NDSI with SWIR and NIR combinations, and VIS wavelengths between 550 and 319 700 nm (Fig. 4) . Remaining VIS wavelengths were less affected. It was also clear that ground surface 320 anisotropy increased strongly as a function of increasing viewing angle (Fig. 4) HCRF values for all wavelengths except the water absorption band at 1100 nm were strongly correlated 329 to biomass (Fig. 5a ). The strongest correlation was found at ρ 1675 (median± 1standard deviation; r=-330 0.88±0.09), but biomass was almost equally well correlated to blue, red and NIR wavelengths. All 331 presented correlations and relationships throughout the text are based on filtered data. Negative 332 correlations indicate that the more biomass the higher the absorption and hence the lower the HCRF. A 333 small peak of positive correlation is seen at 1120-1150 nm. NDSI combinations with HCRF in the red 334 edge (ρ 680 -ρ 750 ) and HCRF in the VIS region explained seasonal dynamics in biomass well (Fig. 6a) Fig. 7a) . 337
Gross primary productivity 338
The relationship between GPP and nadir measured hyperspectral HCRF is inverted as compared to 339 other correlation coefficient lines (Fig. 5b) , since GPP is defined as a withdrawal of CO 2 from the 340 atmosphere with higher negative values for a larger CO 2 uptake. The seasonal dynamics in GPP was 341 strongly positively correlated to HCRF in the blue, red, SWIR wavelengths, and the water absorption 342 band at 1100 nm whereas it was strongly negatively correlated to the NIR HCRF. The study revealed 343 the strongest positive and negative correlations for HCRF at 682 nm (r=0.70±0.02) and 761 nm (r=-344 0.74±0.02), respectively. NDSI combinations that explained most of the GPP variability were different 345 combinations of the VIS and NIR or red and SWIR wavelengths (Fig. 6b) . However, the strongest 346 relationship was seen at NDSI[518, 556] (R 2 =0.86±0.02; RRMSE=34.9±2.3%) ( Table 2 ; Fig. 7b ). 347
Light use efficiency 348
LUE was negatively correlated with HCRF in the blue, and red spectral ranges and in the water 349 absorption band at 1100 nm and it was positively correlated in the NIR wavelengths (Fig. 5c ). HCRF at 350 761 nm yielded the strongest positive correlation (r=0.87±0.01). When combining the different 351 wavelengths to NDSI, the VIS wavelengths explained variation in LUE well, with the strongest 352 relationships in the red and blue parts of the spectrum (Fig. 6c) Fig. 7c ). 354
Fraction of photosynthetically active radiation absorbed by the vegetation 355
FAPAR was negatively correlated to nadir measured HCRF for most wavelengths (Fig. 5d) ; the higher 356 FAPAR the higher the absorption, and thereby the lower the HCRF. The strongest correlation was 357 found at a blue wavelength ρ 412 (r=-0.92±0.01). When wavelengths were combined to NDSI, 358 combining violet/blue with NIR and SWIR wavelengths generated the NDSI with the strongest 359 relationships (Fig. 6d) Effects of solar zenith angles and sensor viewing geometry were similar (Fig. 3 and 4) , since they 368 affect HCRF measurements in a similar way (Kimes, 1983 Kimes, 1983) . However, the radiative transfer within a green canopy is complex, and differs 373 across the spectral region (Huber et al., 2014) . Less radiation is available for scattering of high 374 absorbing spectral ranges (such as the VIS wavelengths), and this tends to increase the contrast 375 between shadowed and illuminated areas for these wavelengths, whereas in the NIR and SWIR ranges, 376 more radiation is scattered and transmitted, which thereby decreases the difference between shadowed 377 and illuminated areas within the canopy (Kimes, 1983; Hapke et al., 1996) . A recognised advantage of 378 NDSI calculations is that errors/biases being similar in both wavelengths included in the index are 379 suppressed by the normalisation. However, for a given situation where errors/biases are different for 380 the wavelengths used, such as effects generated by sun-sensor geometry, it will affect the value of the 381 index. This was also the case at the Dahra field site: NDSI values were strongly affected at wavelength 382 combinations with large differences in effects of variable solar zenith angles ( with higher sensitivity to sun-sensor geometry generated differences between included wavelengths 388 ( Fig. 3 and 4) . This can also be seen in the SIWSI/NDVI comparison by Huber et al (2014); SIWSI had 389 large relative differences depending on viewing angle (~70%), whereas NDVI had relatively small 390 (~5%) ( and Leroy, 2000). The multi-angular dataset is also highly valuable for evaluation and validation of 413 satellite based products, where the separation of view angle and atmospheric effects can only be done 414 using radiative transfer models (Holben and Fraser, 1984) . 415
Seasonal dynamics in hyperspectral HCRF, NDSI and ecosystem properties 416
Biomass 417
The strong correlation between biomass and most of the spectrum indicates the strong effects of 418 phenology on the seasonal dynamics in the HCRF spectra (Fig. 5a) . Variability in VIS (350-700 nm) 419 HCRF for vegetated areas is strongly related to changes in leaf pigments (Asner, 1998) , and this can 420 also be seen in Fig. 2d The NDVI is known to saturate at high biomass because the absorption of red light at ~680 nm 435 saturates at higher biomass loads whereas the NIR HCRF continues to increase due to multiple 436 scattering effects (Mutanga and 
Gross primary productivity 448
The maximum absorption in the red wavelengths generally occurs at 682 nm as this is the peak 449 absorption for chlorophyll a and b (Thenkabail et al., 2000) , and this was also the wavelength being 450 most strongly correlated with GPP. HCRF at 682 nm was previously shown to be strongly related to 451 LAI, biomass, plant height, NPP, and crop type discrimination (Thenkabail et are already produced from the GOME-2 instrument at a spatial resolution of 0.5º×0.5º, but hopefully 470 this will be available also with EO sensors of higher spatial and temporal resolution in the future 471 (Joiner et al., 2013) . 472
The strongest wavelength combinations for estimating LUE for this semi-arid ecosystem was 473 NDSI [688, 435] . The 688 nm wavelength is just at the base of the red edge region, again indicating the 474 importance of this spectral region for estimating photosynthetic activity. The wavelength at 435 nm is 475 at the centre of the blue range characterized by chlorophyll utilization, and strongly related to 476 chlorophyll a and b, senescing, carotenoid, loss of chlorophyll, and vegetation browning (Thenkabail et 
Fraction of photosynthetically active radiation absorbed by the vegetation 481
FAPAR is an estimate of radiation absorption in the photosynthetically active spectrum and thereby 482 strongly negatively correlated to most parts of the spectrum (Fig. 5d) . FAPAR remained high during 483 the dry season because of standing dry biomass that was slowly degrading over the dry season (Fig.  484   2g) . The seasonal dynamics in FAPAR is thereby strongly related to senescence of the vegetation, 485 which explains why FAPAR was most strongly correlated to blue wavelengths (ρ 412 ). Several studies 486 reported a strong relationship between NDVI and FAPAR (e.g. Tagesson 
Outlook and perspectives 493
Very limited multi-angular hyperspectral in situ data exists, even though it has been, and will continue 494 to be extremely valuable for an improved understanding of the interaction between ground surface 495 properties and radiative transfer. In this study, we have presented a unique in situ dataset of multi-496 angular, high temporal resolution hyperspectral HCRF (350-1800 nm) and demonstrated the 497 applicability of hyperspectral data for estimating ground surface properties of semi-arid savanna 498 ecosystems using NDSI. The study was conducted in spatially homogeneous savanna grassland, 499
suggesting that the results should be commonly applicable for this biome type. However, attention 500
should be paid to site-specific details that could affect the indices, such as species composition, soil 501 type, biotic and abiotic stresses, and stand structure. Additionally, the biophysical mechanisms behind 502 the NDSIs are not well understood at the moment, and further studies are needed to examine the 503 applicability of these indices to larger regions and other ecosystems. Being a 2-band ratio approach, 504 NDSI does not take full advantage of exploring the rich information given by the hyperspectral HCRF 505 measurements. In the future, this hyperspectral HCRF data-set could be fully explored using e.g. 506 derivative techniques, multivariate methods, and creation, parameterisation and evaluation of BRDF 507
and radiative transfer models. viewing and illumination geometry the feasibility and applicability of using indices for up-scaling to 517 EO data was evaluated. As such, the results presented here offer insights for assessment of ecosystem 518 properties using EO data and this information could be used for designing future sensors for 519 observation of ecosystem properties of the Earth. 520 Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bernhofer, C., Burba, G., Ceulemans, R., 551 Clement, R., Dolman, H., Granier, A., Gross, P., Grunwald, T., Hollinger, D., Jensen, N. O., Katul, G., 552
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